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Mass spectrometry (MS) is a powerful technology for the study of post 
translational modifications, including protein phosphorylation. Due to the low 
abundance of many phosphoproteins and the relatively poor ionization efficiency 
of phosphopeptides, specific enrichment of phosphopeptides prior to MS analysis 
is necessary. At present, numerous phosphopeptide enrichment approaches have 
been established and applied to complex biological samples. We and others have 
reported that multi-step phosphopeptide purification methods enable better 
recovery of phosphopeptide and achieve higher selectivity and sensitivity than 
standard sample preparation protocols. Here, we combined 3 phosphopeptide
enrichment methods (IMAC, TiO2 and Calcium Phosphate Precipitation (CPP)), 
and made a comparison by applying them to phosphoproteomic analysis of 
Arabidopsis thaliana plasma membrane transporter preparations. 
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INTRODUCTION
Plant plasma membrane was isolated from Arabidopsis (Col-0) leaves using a two-phase partitioning system. The concentration of 
plasma membrane was determined by Bradford assay. After reduction and alkylation, the plasma membrane proteins were digested. For 
IMAC enrichment, the sample was desalted with oligo R3 micro-column and eluted with IMAC loading buffer; for TiO2 and SIMAC 
enrichment, the samples were dried and resuspended with TiO2 or IMAC (SIMAC) loading buffer; the pellets from CPP enrichment were 
dissolved with 5 % FA and desalted with oligo R3 micro-column before further purification using IMAC or TiO2 methods.
Samples were analyzed by LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). MSA was used for 
phosphopeptide identification in CID mode. Raw Data from the LTQ-Orbitrap MS were processed using Proteome Discoverer 1.0 and 
searched on an in-house Mascot database (version 2.2). The NCBInr was used as searching database and Arabidopsis thaliana was used as 
taxonomy. The searching parameters were set as: tryptic peptides with two missed cleavage sites; mass tolerances of 5 ppm for MS and 
0.6 Da for MS/MS; carbamidomethyl cysteine as a fixed modification; protein N-acetylation, oxidized methionine, and phospho_STY
(serine, threonine, and tyrosine) permitted as variable modifications. Candidate phosphopeptides were validated if the expected value (p) 
was lower than 0.05 (Mascot score >29 ) and the individual peptide was ranked top. The phosphorylation sites were assigned by Mascot 
and counted by Biodesktop (home made software). The phospho motif of identified phosphopeptides was produced by Motif X 
(www.motifx.com).
Part 1. Preliminary results of comparison of different 
phosphopeptide enrichment methods
Plant plasma membrane vesicles were inverted using Brij-58 (a 
polyoxyethylene acyl ether, which is widely used to obtain inside-out 
(cytoplasmic side-out) plasma membrane vesicles.). 100 ug of tryptic peptide 
mixture was used for each enrichment experiment.
Part 2. Further comparison of different phosphopeptide 
enrichment methods
In order to avoid the use of brji-58, urea and thiourea were used to 
break the membrane. 50 ug of tryptic plasma membrane sample was used 
in each experiment and all the enrichment experiments were conducted 
duplicately to investigate the method repreducibilities.
1. Employment of CPP can significantly improve the phophopeptide enrichment 
when Brji-58 was used in sample preparation.
2. All five methods were successfully applied to phosphoproteomic study of plant 
plasma membrane when urea and thiourea was used in sample preparation; 
3. The combination of enrichment methods increased the number of identified 
phosphopeptides and the selectivity, at the expense of lower repreducibility due 
to more procedures involved;
4. Phosphopeptides obtained from five enrichment methods share the samilar 
phosphomotifs.
5. In order to get an global overview of phosphorylation in plant plasma 
membrane proteins, more than one enrichment approaches are required.
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MATERIAL AND METHODS
Figure 1. Schematic overview of the experimental approaches 
RESULTS 
Figure 5.  A) Localization of identified phosphoproteins by GO cellular component. 
B) The functional classification of identified plasma membrane proteins.
A B
Figure 3. Results obtained from different enrichment methods. 
Column A) The overlap between 1st and 2nd experiment for the same enrichment method; B) The distribution 
of the mono- and multi- phosphopeptides; C) The distribution of phosphorylation sites.
The combination of enrichment methods increased the number of phosphopeptide identification and 
the percentage of phosphopeptide. However, the multi-step enrichment resulted in the lower 
repreducibilities. IMAC involved enrichments revealed more multi-phosphopeptides.
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Figure 2. Identification of phosphopeptides from  three 
enrichment methods. 
The combination of CPP with TiO2 seems promising in this 
condition, since it shows the best selectivity and reveals the highest 
phosphopeptide identification number. TiO2 and IMAC methods also 
show reasonable phosphopeptide selectivity, however the numbers of 
phosphopeptide identification are low.  The possible reason could be 
the influence of the detergent brji-58 on TiO2 and IMAC methods, 
and the prior treatment by CPP method can efficiently eliminate the 
detergent from sample. 
Table 1. Summary of three enrichment approaches in enriching phosphopeptide from plant plasma 
membrane sample
Figure 4. A) The overlap of identified phosphopeptides obtained from each enrichment method; B) 
Amino acid distributions of identified mono-phosphopeptides from different enrichment methods. 
1st Experiment 2nd Experiment
IMAC TiO2 SIMAC CPP-IMAC CPP-TiO2 IMAC TiO2 SIMAC CPP-IMAC CPP-TiO2
No. of 
phosphopeptide 886 734 533 976 961 821 752 603 701 794
% of 
phosphopeptide 88.9% 71.7% 89.2% 94.5% 91.3% 87.4% 74.7% 94.8% 96.2% 89.9%
IMAC TiO2 SIMAC CPP-IMAC CPP-TiO2 SUM
No. of phosphoprotein 469 444 368 554 547 773
No. of phosphopepitde 1092 954 741 1332 1197 2264
Overlap between 1st & 2nd
experiment 615 541 395 345 557 /
Motif of phosphotheorine xxxtPxx xxxtPxx xxxtPxx xxxtPxx xxxtPxx xxxtPxx
Motifs of phosphoserine xxxsDxE,RSxsxxx
RSxsxxx,
xxxsDxE
xxxsDxE,
RSxsxxx
xxxsDxE,
RSxsxxx
xxxsDxE,
RSxsxxx
xxxsDxE,
RSxsxxx
Table 2. Identification results from the five enrichment approaches
Table 3. Summary of the identified phosphopeptides from the five enrichment methods
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In total, 1892 unique phosphorylation sites assigned from 2264 
phosphopeptides (representing 773 phosphoproteins) were identified from 
Arabidopsis plasma membrane. 331 phosphoproteins were categorized to 
plasma membrane proteins, and among these, 162 were transport proteins.
The overlap of the identified phosphopeptides from five enrichment methods is 13.1% (295/2264), 331 
phosphopeptides are only identified from IMAC enrichment, 68 phosphopeptides are only identified 
from TiO2 enrichment, 109 phosphopeptides are only identified from SIMAC enrichment, 320 
phosphopeptides are only identified from CPP-IMAC enrichment and 208 phosphopeptides are only 
identified from CPP-TiO2 enrichment.  The mono-phosphopeptides identified from IMAC and CPP-
IMAC show higher content of acidic amino acids when compared to that from TiO2, SIMAC and CPP-
TiO2.
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